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The pressure-induced phase transition of the multiferroic manganese tungstate MnWO4 is studied on single
crystals using synchrotron x-ray diffraction and Raman spectroscopy. We observe the monoclinic P2/c to triclinic
P 1 phase transition at 20.1 GPa and get insight on the phase transition mechanism from the appearance of tilted
triclinic domains. Selective Raman spectroscopy experiments with single crystals have shown that the onset of
the phase transition occurs 5 GPa below the previously reported pressure obtained from experiments performed
with powder samples.
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I. INTRODUCTION
The prospect of doubling the present data storage density by
the simultaneous use of magnetic and electric ordering control
has revolutionized the field of multiferroic materials [1]. The
potential to control the magnetic order of MnWO4 at constant
temperature has turned this material into an ideal candidate for
memory devices [2].
MnWO4 crystallizes in a wolframite-type structure [3] with
space group P2/c, where both Mn and W cations are octa-
hedrally coordinated sharing edges and forming alternating
chains of WO6 and MnO6 octahedra along the [001] direction
(Fig. 1).
MnWO4, with a frustrated magnetic structure below the
Ne´el temperature of 13.7 K, presents up to three different
antiferromagnetic (AF) structures with an incommensurate
multiferroic phase (AF2) between 12.7 and 7.6 K [4–11].
Unfortunately, the applicability of the multiferroic properties
of MnWO4 is constrained to the low temperatures at which the
magnetic order takes place. It was shown that the temperature
of the AF1 phase (below 7.6 K at ambient pressure) raises
at 2.1(1) K/GPa while the AF2 phase is frustrated beyond
4 GPa [12]. Hence, one could speculate that upon sufficient
compression the AF1 phase could be stabilized at temperatures
closer to room temperature than a few tenths of Kelvin degrees.
The structural [13] and optical properties [14] of MnWO4 were
studied up to 13.6 GPa, while its vibrational properties were
studied up to 39 GPa using Raman spectroscopy and powder
samples [15,16]. These studies have shown a high-pressure
phase transition and a large influence of the hydrostaticity
on the transition pressure, which is 25.7 GPa using Ne as
the pressure-transmitting medium (PTM) [15] and at ∼9 GPa
lower pressure (17 GPa) without PTM [16]. The dependence
of the structural behavior on the presence of deviatoric stresses
has already been observed in other nonmagnetic wolframites
[17,18]. ZnWO4 and MgWO4 have been found to transform
to a CuWO4-type triclinic structure (P1) at around 17 GPa on
high-pressure (HP) powder x-ray diffraction (PXRD) exper-
iments performed under nonhydrostatic conditions (silicone
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oil) [19] and at around 30 GPa on Raman spectroscopy experi-
ments carried out using Ne as PTM [15]. Ab initio calculations
on nonmagnetic wolframites ZnWO4 and MgWO4 [19,20]
show that the CuWO4-type triclinic phase is energetically
competitive with the low-pressure (LP) monoclinic wolframite
phase from 1 atm to around 40 GPa. At this pressure,
the monoclinic β-fergusonite phase is predicted to be more
favorable. However, this phase has not been observed with
PXRD so far. In this study we solve the question about the HP
phase of MnWO4 performing hydrostatic (Ne) powder x-ray
diffraction (PXRD), single-crystal x-ray diffraction (SXRD),
and single-crystal Raman spectroscopy up to 31.0 GPa.
II. EXPERIMENTAL DETAILS
HP experiments were carried out using Boehler-Almax
diamond-anvil cells (DACs) equipped with conical diamonds
of 350-μm culet sizes [21]. Single-crystal and powder samples
were obtained from single crystals of 1 mm3 in size grown
by the high-temperature solution method [22]. Samples were
loaded together with ruby chips for pressure determination
[23] and neon as a quasihydrostatic PTM in order to minimize
deviatoric stresses [24] into holes of 130-μm diameter in tung-
sten gaskets indented to ∼40 μm in thickness. The equation
of state (EOS) of Ne was used to confirm the pressure in the
PXRD experiments [25]. We performed synchrotron PXRD
experiments at the ID15 beamline at Diamond (λ = 0.4246 ˚A)
up to 19.9 GPa and at the Extreme Conditions Beamline (ECB)
at PETRA III (λ = 0.2907 ˚A) up to 20.2 GPa. The detector,
working distance, and beam size full width at half maximum
(FWHM) for the Diamond (run1) and PETRA III (run2) exper-
iments were a MAR345 image plate, 350 mm, 30 × 30 μm2,
and a PerkinElmer XRD 1621 flat-panel detector, 1200 mm,
5 × 5 μm2, respectively. FIT2D [26] was used to integrate
the diffraction patterns, Bragg reflections were indexed with
UNITCELL [27], and GSAS [28,29] was employed to carry
out the Le Bail refinements [30]. The SXRD experiment was
performed at the ECB at PETRA III (λ = 0.2907 ˚A) using the
same detector as in run2 but with a beam size of 2.4 × 2.1 μm2
(FWHM) and a detector to sample distance of 400 mm. The
diffraction images were collected by 1◦ ω-scanning. The image
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FIG. 1. (Color online) Projection of the structure of the MnWO4
wolframite along [010]. It shows the alternating chains of WO6 and
MnO6 octahedra. The black (white) spheres represent the W(Mn)
atoms.
format was converted according to the procedure described
by Rothkirch et al. [31] for further processing with the
CRYSALISPro software [32] for indexing reflections, intensity
data reduction, and absorption correction. Crystal structures
at 2.4, 14.4, and 20.1 GPa were refined with SHELX97-2
[33] (Supplemental Material) [34]. At higher pressures the
decreasing quality of the reflections due to the phase transition
prevented refinement of the crystal structure and only indexing
of the twin domains was possible. Raman experiments were
performed in the backscattering configuration with a Renishaw
spectrometer equipped with a 1800 grooves/mm grating. The
excitation source was a HeNe laser (λ = 633 nm) focused
down to a 10-μm spot with a 20× long working distance
objective and filtered with a notch filter that let us measure
above 100 cm−1. The resolution was around 2 cm−1.
III. RESULTS AND DISCUSSION
In Fig. 2 we show the SXRD loading at different selected
pressures. As pressure increases the color changes from light
brown (2.4 GPa) to red (20.1 GPa) and finally black above
31.0 GPa. Considering the band gap coefficient previously
obtained up to 10 GPa in MnWO4 (−22.2 meV/GPa) [14],
and making an extrapolation to higher pressures, the band
gap at 31 GPa should be around 1.8 eV which corresponds
to a wavelength (∼689 nm) that is in the visible range of
the electromagnetic spectrum. Taking into account that our
sample at 31.0 GPa is black, this indicates a possible band gap
collapse probably due to an electronic structure change implied
by the structural phase transition. However, this discussion
is beyond the scope of this work and should be specifically
addressed once the structural and vibrational behavior of
MnWO4 had been understood, as we intend in this work. It is
interesting to note that optically no formation of domains is
observed and that the color change is smooth across the phase
transition that takes place at 20.1 GPa as we shall discuss in
the next section. Under decompression the sample recovers
its initial color as indicative of the reversibility of the phase
transition.
2.4 GPa 20.1 GPa 23.6 GPa
27.7 GPa 31.0 GPa
FIG. 2. (Color online) MnWO4 pressurized crystal used in the
SXRD experiment at different pressures from ambient pressure to
31.0 GPa.
A. X-ray diffraction: Phase transition
The PXRD experiments were carried out up to a maximum
pressure of 20.2 GPa. In run1 the maximum pressure achieved
(19.9 GPa) was below the phase transition and therefore we
shall focus our discussion on run2. The results for run2 are
shown in Fig. 3. The behavior found in run1 is identical to
run2 up to 19.9 GPa.
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FIG. 3. (Color online) Selection of five diffraction patterns of
MnWO4 measured in run2 at different pressures. Vertical bars at 3.4
GPa denote the positions of the Bragg reflections for the P2/c low-
pressure phase. The asterisks denote the (111) and (200) reflections
of solid Ne. The insets show enlarged areas of the diffraction patterns
at 20.2 GPa to illustrate the appearance of weak reflections attributed
to the high-pressure phase.
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FIG. 4. (Color online) (a) The PXRD diffractogram of MnWO4
at 20.2 GPa (circles) is shown together with a LeBail refinement
considering both the LP monoclinic and the HP triclinic phases.
The black ticks correspond to the positions of the reflections of the
monoclinic phase and the red ones to those of the triclinic phase. The
two triclinic reflections observed at this pressure are pointed out by
arrows. The asterisks indicate the positions of the Ne reflections. The
inset shows the triclinic (010)T reflection. (b) Pressure evolution of
the SXRD measured (100)M and (200)M monoclinic Bragg reflections
showing the appearance of the (100)T and (200)T reflections of the
HP triclinic phase up to the complete phase transformation.
Below 20.2 GPa all reflections can be indexed by the
LP monoclinic structure. At 20.2 GPa two additional Bragg
reflections start to emerge. These two additional reflections
are located at 2θ = 3.2◦ between the (010)M and the (100)M
monoclinic reflections, and also at 2θ = 6.6◦, as shown in the
insets of Fig. 3. At 20.2 GPa the LP monoclinic phase is still
dominant, however, if we compare with previous HP PXRD
studies in other wolframites where the phase transition takes
place at around 17 GPa, the emergence of the two additional
reflections seen in MnWO4 at 20.2 GPa correlates well with
the onset of a phase transition [19] to a CuWO4-type triclinic
structure (P1). Here we show that MnWO4 undergoes the
same transformation at 20.2 GPa. The Le Bail refinement at
20.2 GPa is reported in Fig. 4(a).
While the Le Bail refinement of the monoclinic phase is
reliable at 20.2 GPa, this is not the case for indexing and
refinement of the triclinic phase due to its small proportion, low
symmetry, and strong reflection overlap. SXRD experiments
allow to distinguish between the different phases even for
small amounts and to index separately, showing that SXRD
experiments are required to solve this phase transition. For this
reason, in order to carry out the Le Bail refinement at 20.2 GPa
we employed the triclinic metric obtained from the SXRD
experiment at 20.1 GPa as starting values. We note that, as
commented before, the obtained triclinic cell parameters from
the PXRD diffractogram at 20.2 GPa are compromised by
the reflection overlap, low symmetry, and small proportion of
transited samples at this pressure. The obtained cell parameters
at 20.2 GPa from PXRD, and at 2.4, 14.4, 20.1, 23.6, 27.7, and
31.0 GPa from the SXRD experiments are shown in Table I.
With PXRD we observe an 8% volume collapse at the phase
transition at 20.2 GPa, but since the obtained triclinic cell
parameters might be not reliable we shall focus on discussing
the SXRD results. With SXRD the phase transition involves
a volume collapse of only 1% at 20.1 GPa. However, when
the phase transition is complete, the b cell parameter drops
from ∼5.42 ˚A at 23.6 GPa to ∼5.02 ˚A, involving a volume
collapse. This indicates that the unit-cell parameters obtained
from SXRD of the HP triclinic phase are also compromised
by the coexistence of the LP and HP phases. At 27.7 GPa
we almost do not find reflections from the LP phase, but the
reflections of the triclinic phase broaden making their indexing
difficult. Therefore, the error bars might be underestimated.
The large scattering found for the lattice parameters of the
HP phase above 23.6 GPa seems to be a consequence of
a large change of the triclinic β angle between these two
pressures. In the SXRD experiment we used a sample oriented
in the (010) plane (cleavage plane). Therefore, the (010)M
reflection could not be measured. For this reason, we show
the evolution of the monoclinic (100)M and (200)M and the
respective triclinic reflections obtained with SXRD at different
pressures in Fig. 4(b). While other triclinic reflections indicate
that the phase transition has started already at 20.1 GPa (Fig. 5),
the triclinic (100)T emerges at 23.6 GPa and is accompanied by
the triclinic (200)T reflection at 27.7 GPa with the monoclinic
reflections being still present [Fig. 4(b)]. This indicates
that both phases coexist below 31 GPa, when the phase
transformation to the triclinic phase is completed, confirming
that wolframites, and in particular MnWO4, undergo only one
phase transformation in hydrostatic conditions in the studied
stability range, as observed by Raman spectroscopy [15]. The
end of the phase transition obtained with SXRD agrees with the
result observed with Raman spectroscopy on powder samples
[15], whereas the onset of the transformation is detected 5 GPa
before with SXRD. This question will be addressed in detail
in the Raman spectroscopy section.
On the left side of Fig. 5 we show the pressure evolution
and indexing of a section of one of the 74 SXRD frames of
MnWO4 measured at different pressures. The corresponding
projection of the obtained reciprocal space along a∗ is shown
on the right side of Fig. 5. At 14.5 GPa only the monoclinic
(h15)M reflections are observed on the frame section and the
high quality of the crystal is reflected in the low dispersion
of the reflections along the a∗ axis of the reciprocal lattice.
At 20.1 GPa the triclinic (h41)T1 reflections start to emerge
on the frame section as the result of the onset of the phase
transition. Additional weak reflections are observed, which
are identified at 23.6 GPa as the (150)T2 reflection and (h30)T2
reflections of a second triclinic cell with the same unit-cell
parameters as T1. In the reciprocal space we can see that the
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TABLE I. Structural parameters of the triclinic and monoclinic structures of MnWO4 at different pressures obtained from the powder and
single-crystal x-ray diffraction experiments performed in this work.
Powder Single crystal
Space group P2/c P1 P2/c P2/c P2/c P1 P2/c P1 P1 P1
P (GPa) 20.2(2) 20.2(2) 2.4(1) 14.4(1) 20.1(2) 20.1(2) 23.6(2) 23.6(2) 27.7(2) 31.0(2)
a ( ˚A) 4.674(2) 4.668(3) 4.7983(5) 4.6888(6) 4.6644(7) 4.6725(8) 4.6696(14) 4.664(3) 4.696(3) 4.642(2)
b ( ˚A) 5.499(2) 5.1039(12) 5.708(5) 5.536(6) 5.468(6) 5.4641(17) 5.451(9) 5.419(5) 5.019(2) 5.052(3)
c ( ˚A) 4.8526(19) 4.878(2) 4.9747(5) 4.8844(5) 4.8614(6) 4.816(6) 4.8580(11) 4.780(10) 4.867(6) 4.795(8)
α (deg.) 90 90.80(2) 90 90 90 90.08(5) 90 91.20(10) 92.06(6) 91.8(9)
β (deg.) 91.34(5) 92.32(5) 91.124(7) 91.415(7) 91.603(8) 91.39(4) 91.884(2) 91.00(10) 96.96(9) 97.14(8)
γ (deg.) 90 93.74(3) 90 90 90 90.13(2) 90 90.24(6) 91.33(4) 91.28(4)
V ( ˚A3) 124.72(13) 116.36(19) 136.23(13) 126.74(14) 123.94(14) 122.91(16) 123.6(2) 120.7(3) 113.76(16) 111.5(2)
quality of the data worsens on pressure increase as the result
of the phase transition, and also that the triclinic b∗ and c∗ axes
are tilted in different ways with respect to the monoclinic ones
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FIG. 5. (Color online) Section of a SXRD frame of MnWO4
measured at different pressures (left) showing the emergence of the
reflections of two HP triclinic domains (T1, T2) along the monoclinic
(M) one. The corresponding projection of the reciprocal space on the
(b∗,c∗) plane (right) is shown at the three selected pressures. The dots
represent the location of the measured reflections projected along the
a∗ axis. The axes of the unit cells are shown as dashed lines. The
monoclinic reflections are in black while the triclinic reflections of
the two domains are in blue (T1) and red (T2).
(Fig. 5). On further pressure increase to 27.7 and 31.0 GPa
the data quality worsens and most reflections broaden so that
diffraction images show a strongly textured powder pattern at
31.0 GPa and cannot be indexed as single crystals anymore.
This indicates that the sample does not completely survive the
phase transition as a single crystal. The quality of the data does
not allow one to determine and refine the crystal structure of
the HP triclinic phase which consists of at least two triclinic
domains rotated 84◦ (T1) and −84◦ (T2) around a∗ with respect
to the monoclinic cell.
B. X-ray diffraction: Compressibility of the LP Phase
Figure 6 shows the pressure dependence of the lattice
parameters for the complete stability range of the wolframite
phase. Our PXRD and SXRD data overlap well with previous
SXRD data up to 9 GPa [13] performed using methanol-
ethanol as PTM. However, our PXRD data up to 20.2 GPa can
be better explained by a third-order Birch-Murgnahan (BM)
EOS than by a second-order BM EOS, despite that SXRD
data are well explained with the second-order EOS reported
by Macavei and Schulz [13]. The obtained bulk modulus, first
derivative, and ambient pressure unit-cell volume obtained
from our fit including all PXRD and SXRD data are B0 =
145(3) GPa, B ′0 = 4.3(2), and V0 = 138.8(2) ˚A, respectively.
This bulk modulus is 9% larger than that obtained by Macavei
and Schulz [13] up to 9 GPa with SXRD (B0 = 131(2) GPa).
The axial compressibilities kx , where x stands for a, b or c
lattice parameters, have been obtained from the PXRD and
SXRD data using a third-order BM EOS fit considering a
pseudocubic cell with volume V = x3 as kx = − 13B0 [35].
This is a reasonable approximation since the monoclinic
angle β ∼ 90◦. For the fit B ′0 has been kept fixed to 4.3
to be consistent with the EOS fit. Both a and c lattice
parameters account for most of the incompressibility of the unit
cell [ka =−2.0(1)× 10−3 and kc = −1.6(1)×10−3 GPa−1],
whereas the longest axis b is up to two times more compress-
ible [kb = −3.3(1)×10−3 GPa−1]. This result is in agreement
with the axial compressibilities of other wolframites [19,20]
and agrees well with those reported by Macavei and Schulz
[13] for MnWO4 up to 9 GPa. It is also worth noting
that as pressure increases the monoclinic structure distorts.
This can be deduced from the increase of the monoclinic β
angle [Fig. 6(b)].
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FIG. 6. (Color online) Pressure dependence of the (a) unit-cell
lattice parameters (b) monoclinic β angle and (c) volume of MnWO4
in the stability range of the low pressure monoclinic phase. Empty
circles represent Macavei and Schulz [13] data while full circles
and triangles represent our PXRD data obtained from runs 1 and
2, respectively. The crosses are from our SXRD experiment. The
continuous red lines represent the fits to the third-order Birch-
Murnaghan equation of state using all available data. The dashed
black line represents the equation of state obtained by Macavei and
Schulz [13].
C. Raman spectroscopy
Raman spectroscopy is a sensitive technique to observe
local structural changes. For this reason, with Raman spec-
troscopy the detection of the onset of phase transitions is
usually observed at lower pressures than with XRD which
needs larger amounts of the transited sample to detect the onset.
In a previous HP Raman spectroscopy work performed with
powder samples and Ne as PTM [15], the onset of the phase
transition of MnWO4 was determined at 25.7 GPa. However,
using the same experimental conditions our present PXRD
has shown the emergence of reflections of the triclinic phase
at 20.2 GPa.
In wolframites there are 8 Ag and 10 Bg Raman active
modes, while in the CuWO4-type triclinic phase there are 18
Ag modes. The Bg mode with the highest frequency (774 cm−1
at 1 atm in MnWO4), is broad and presents a large pressure
coefficient (3.58 cm−1 GPa−1) [15]. The onset of the phase
transition of wolframites is observed by the appearance of
the highest frequency Ag triclinic mode. This mode, which is
the most intense of the HP phase, emerges in the frequency
region of the highest frequency Bg broad mode of the LP
phase. Although the triclinic mode grows fast in intensity,
the coincidence in frequency with the broad Bg mode might
explain a detection delay of the onset of the phase transition
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FIG. 7. (Color online) Raman spectra of MnWO4 recorded at
selected pressures. The ticks indicate the 8 Ag modes assignation
accessed in (010) oriented wolframites in backscattering configura-
tion. At 20.5 GPa, the emergence of an additional Raman active mode
at 866 cm−1 indicates the onset of the phase transition to the triclinic
phase. The region of interest is highlighted with the red box.
with respect to XRD. In order to demonstrate that this is the
case we have performed Raman spectroscopy measurements
on oriented single crystals at HP. The Raman tensors of the
two monoclinic modes are
Ag =
⎛
⎝
a 0 d
0 b 0
d 0 c
⎞
⎠ , Bg =
⎛
⎝
0 e 0
e 0 f
0 f 0
⎞
⎠ .
Wolframites exfoliate in the (010) plane facilitating the
use of tiny and high-quality oriented samples appropriate to
be loaded in the DAC. As derived from the Raman tensors,
in backscattering geometry and with (010) oriented samples,
the Bg modes scatter light polarized along the collection
direction [010] and therefore cannot be detected, while the
Ag modes, scattering light polarized along the sample [100]
and [001] directions are always detected for this configuration
[22,36]. Although the pressurized diamonds in a DAC have
an unpolarizing effect, we have only accessed the 8 Ag
modes in backscattering unpolarized Raman experiments with
a (010)-oriented sample with an unpolarized excitation source
(Fig. 7). Similarly to experiments performed with powders
[15], all Ag modes shift to higher frequencies as pressure
increases. However, now that the LP monoclinic Bg modes
are not present, the emergence of the highest frequency Ag
triclinic mode is detected at 20.5 GPa in good agreement with
our PXRD and SXRD.
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IV. CONCLUSIONS
The structural stability of multiferroic MnWO4 wolframite
has been studied using powder x-ray diffraction up to 20.2 GPa
and single crystal x-ray diffraction up to 31.0 GPa. We have
shown that MnWO4 undergoes only one phase transition
up to the maximum studied pressure to a triclinic structure
with space group P1. The onset of the phase transition in
hydrostatic conditions is at 20.1 GPa. The indexing performed
in the single-crystal XRD experiment has revealed the complex
nature of this phase transition with the appearance of two tri-
clinic domains rotated with respect to the parent structure 84◦
and −84◦, respectively, around a∗. The controversy regarding
the determination of the onset of the phase transition using
Raman spectroscopy has been addressed performing selective
Raman spectroscopy in single crystals. The absence of the
low-pressure Bg monoclinic modes in (010)-oriented samples
in backscattering geometry has allowed us to accurately detect
the onset of the phase transition, which occurs 5 GPa below
the reported pressure obtained from experiments on powder
samples. In summary, in this work it has been determined that
the high-pressure phase of multiferroic MnWO4 is triclinic
(P1). Given the symmetry lowering that this phase transition
implies one can necessarily expect an effect on the magnetic
exchange interactions. In fact, in a similar compound like
CuWO4 the reverse phase transition has been predicted to
involve an antiferro- to ferromagnetic phase transition [37]. In
addition, the stabilization of the incommensurate multiferroic
phase of CuO recently has been predicted to be stabilized
at ambient temperature with the use of high pressure [38].
According to the pressure coefficient reported by Chaudhury
et al. [12] for the magnetic phase boundaries of MnWO4,
the observed phase transition of MnWO4 to a structure with
lower symmetry rules out the possibility of stabilization upon
compression of any of these magnetic phases of MnWO4 at
ambient temperature.
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